Excitatory-inhibitory imbalance has been identified within specific brain microcircuits in models of Rett syndrome (RTT) and other autism spectrum disorders (ASDs). However, macrocircuit dysfunction across the RTT brain as a whole has not been defined. To approach this issue, we mapped expression of the activity-dependent, immediate-early gene product Fos in the brains of wild-type (Wt) and methyl-CpG-binding protein 2 (Mecp2)-null (Null) mice, a model of RTT, before and after the appearance of overt symptoms (3 and 6 weeks of age, respectively). At 6 weeks, Null mice exhibit significantly less Fos labeling than Wt in limbic cortices and subcortical structures, including key nodes in the default mode network. In contrast, Null mice exhibit significantly more Fos labeling than Wt in the hindbrain, most notably in cardiorespiratory regions of the nucleus tractus solitarius (nTS). Using nTS as a model, whole-cell recordings demonstrated that increased Fos expression in Nulls at 6 weeks of age is associated with synaptic hyperexcitability, including increased frequency of spontaneous and miniature EPSCs and increased amplitude of evoked EPSCs in Nulls. No such effect of genotype on Fos or synaptic function was seen at 3 weeks. In the mutant forebrain, reduced Fos expression, as well as abnormal sensorimotor function, were reversed by the NMDA receptor antagonist ketamine. In light of recent findings that the default mode network is hypoactive in autism, our data raise the possibility that hypofunction within this meta-circuit is a shared feature of RTT and other ASDs and is reversible.
Introduction
Rett syndrome (RTT) is a complex autism spectrum disorder caused by loss-of-function mutations in the gene encoding methyl-CpG-binding protein 2 (MeCP2) (Amir et al., 1999) , a transcriptional regulatory protein. RTT patients exhibit severe impairments in cognition, motor control, respiratory and autonomic regulation, as well as increased susceptibility to seizures and autistic behaviors (Hagberg et al., 1983; Julu et al., 2001; Steffenburg et al., 2001; Armstrong, 2005; Weese-Mayer et al., 2006; Chahrour and Zoghbi, 2007; Katz et al., 2009) . Altered functional connectivity, manifesting as increased or decreased synaptic strength, has been identified in mouse models of autism spectrum disorders (ASDs) (for review, see Shepherd and Katz, 2011) and in imaging studies of human patients with autism (Haznedar et al., 2000; Kennedy and Courchesne, 2008; Broyd et al., 2009; Monk et al., 2009; Minshew and Keller, 2010; . Studies of RTT mice suggest there may be regional differences in how loss of MeCP2 affects neural circuits (Shepherd and Katz, 2011) . For example, hyperexcitability is a widespread feature of brainstem nuclei in the respiratory pattern-generating network, including the medial nucleus tractus solitarius (Kline et al., 2010; Kron et al., 2011) , the preBoetzinger complex (Medrihan et al., 2008) , the nucleus Kölliker Fuse (Stettner et al., 2007) and the locus ceruleus (Taneja et al., 2009) , as well as hippocampus (Moretti et al., 2006; Fischer et al., 2009; Calfa et al., 2011; Nelson et al., 2011) . On the other hand, excitatory synaptic transmission is reduced in microcircuits within sensory and motor-frontal cortices (Dani et al., 2005; Dani and Nelson, 2009; Wood et al., 2009; Wood and Shepherd, 2010) .
Despite these insights into local defects in synaptic pathophysiology, we currently lack an overview of circuit dysfunction in the RTT brain as a whole. Mapping global network dysfunction is especially important in understanding RTT because some of the most disabling features of the disease, such as abnormal cardiorespiratory control, are highly dependent on behavioral state (Weese-Mayer et al., 2008) , suggesting that interactions between distant structures, such as the forebrain and brainstem, are abnormal. Although functional imaging studies could shed light on how MeCP2 loss affects neuronal activity patterns across the neuraxis, such studies are not considered practical in RTT patients due to their level of impairment and are technically challenging in mice. However, surrogate markers of neuronal depolarization, such as expression of the protein product of the immediate-early gene c-Fos, can be used to map circuits and pathways in the brain on the basis of neural activity (Dragunow and Faull, 1989) . Therefore, the present study used Fos mapping, combined with electrophysiology, to compare activity patterns across the brain in wild-type (Wt) and Mecp2 mutant mice. Our data indicate marked and reproducible effects of the Mecp2 Null genotype on activity levels in different brain regions, including hyperexcitability in autonomic reflex pathways in the brainstem and hypoexcitability in key nodes of the default mode network in the forebrain. However, forebrain hypofunction can be reversed by treatment with a sub-psychotomimetic dose of ketamine, which also rescues behavioral dysfunction.
Materials and Methods

Animals Mecp2
tm1.1Jae mice, developed by Dr. R. Jaenisch (Whitehead Institute, Massachusetts Institute of Technology, Cambridge MA; Chen et al., 2001) , were purchased from the Mutant Mouse Regional Resource Center (University of California Davis, Davis CA) and maintained on a mixed genetic background (129Sv, C57BL/6, BALB/c) by crossing Mecp2 tm1.1Jae heterozygous females (Mecp2 Ϫ/ϩ , Het) with Mecp2 tm1.1Jae
Wt males (Mecp2 ϩ/y ). All experimental procedures were approved by the Institutional Animal Care and Use Committee at Case Western Reserve University.
Immunohistochemistry
Tissue preparation. Three-and 6-week-old male mice, or 11-week-old female mice, were deeply anesthetized by inhalation of isoflurane and perfused transcardially with PBS followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, within 10 min. The kinetics of Fos protein induction and degradation are such that potential changes resulting from anesthesia would not be detectable within this timeframe (Ferrara et al., 2003) . Brains were postfixed in 4% paraformaldehyde for 2.5 h, cryoprotected in 25% sucrose overnight, then frozen in 2-methylbutane at Ϫ45°C and stored at Ϫ80°C. Coronal sections were cut at 40 m with a cryostat microtome (Jung Frigocut 2800 N) and stored in PBS at 4°C.
Immunostaining. Free-floating 40 m sections were processed for Fos immunostaining by blocking with 10% goat serum in dilution buffer (PBS, BSA, 0.3% Triton X-100) for 1.5 h and then incubated overnight at room temperature (20 Ϯ 2 h) in rabbit polyclonal anti-c-Fos primary antibody (1:3000, Calbiochem) in dilution buffer plus 10% goat serum. After sequential rinse steps in dilution buffer and PBS, sections were incubated in biotinylated goat anti-rabbit IgG secondary antibody (1: 400, Vector Labs) in dilution buffer plus 15% goat serum for 1 h. After rinsing in PBS, sections were incubated in avidin and biotinylated horseradish peroxidase complex (ABC, 1:150, Vector Labs). Finally, sections were developed using the Sigma Fast diaminobenzidine and urea hydrogen peroxide set, mounted on Super Frost Plus slides and coverslipped using VectaShield (Vector Labs). Specificity of Fos immunolabeling was verified by demonstrating that preabsorption of the anti-c-Fos primary antibody with Fos peptide (Calbiochem) eliminated nuclear staining.
To determine whether Fos-positive cells were neurons or astrocytes, a subset of sections were double stained with anti-c-Fos and either mouse anti-MAP2 (1:1000, Sigma) or mouse anti-GFAP (1:1000, Calbiochem), respectively. Regardless of genotype (Wt vs Null), we only observed Fos labeling in neurons expressing the neuronal cytoskeletal protein MAP2 and saw no colocalization with the glial protein marker GFAP (glial fibrillary acidic protein) (n ϭ 2 animals per genotype). In addition, a subset of sections were double stained for Fos and either CaMKII (mouse anti-CaMKII, 1:10,000, Abcam), a marker for glutamatergic neurons, or parvalbumin (mouse anti-parvalbumin, 1:1500, Millipore), which is expressed by a subpopulation of GABAergic neurons. Alexa Fluor 488-conjugated goat anti-mouse secondary antibody (1:1000, or 1:2000 for CaMKII, Invitrogen) was used with each double stain.
Ketamine injections. Animals were administered ketamine (8, 20, or 100 mg/kg, i.p.) or an equivalent volume of saline and then returned to their home cage for 90 min. Subsequently, the animals were deeply anesthetized by inhalation of isoflurane, perfused transcardially, and processed for Fos staining as described above.
Data analysis. Sections were visualized and photographed using an AxioSkop2 microscope (Zeiss) equipped with a Quantifire XI microscope camera (Optronics). Fos-positive cells were counted using pointby-point analysis with Neurolucida software (MBF Bioscience). Before analysis, the photomicrographs were coded so that the observers were blinded to the genotype. Cells were counted in every third section through the nTS, and in a representative subset of sections through the other brain regions analyzed. All sections were analyzed twice by two independent and blinded observers, and respective counts were averaged. The nTS was sampled at 12 levels through the rostro-caudal extent of the nucleus and the average counts at each level were then added together to estimate the total number of labeled cells per animal. To define genotype effects on Fos expression, G*Power 3 power analysis software (Faul et al., 2007) was used to determine group sizes.
Electrophysiology
Slice preparation. Horizontal brainstem slices were prepared as previously described (Doyle and Andresen, 2001; Kline et al., 2002 Kline et al., , 2010 ) from 3-and 5-to 7-week-old Mecp2 Null and Wt male mice. Animals were deeply anesthetized by inhalation of isoflurane and then decapitated. Brains were removed from the skull and placed in low Ca 2ϩ , ice-cold artificial CSF (ACSF) containing the following (in mM): 125 NaCl, 3 KCl, 1.2 NaH 2 PO 4, 1 CaCl 2 , 1.2 MgSO 4 , 2 MgCl 2 , 25 NaHCO 3 , 10 D-glucose, and 0.4 L-ascorbic acid, equilibrated to pH 7.4 with 95% O 2 /5% CO 2 , for 2-5 min. Then, brainstems were dissected, glued on the mounting platform of a vibratome (Leica, VT 1000S), and horizontal sections containing the nucleus tractus solitarius (nTS), including a long segment of the tractus solitarius (TS) were cut at 220 -250 m. Slices were then transferred to recording ACSF (containing in mM: 125 NaCl, 3 KCl, 1.2 NaH 2 PO 4 , 2 CaCl 2 , 1.2 MgSO 4 , 25 NaHCO 3 , 10 D-glucose, and 0.4 L-ascorbic acid, equilibrated to pH 7.4 with 95% O 2 /5% CO 2 ) at ϳ32°C and allowed to recover from the procedure for at least 30 min before recordings. Recordings. Slices were placed into the recording chamber, held in place with nylon-wired grid and superfused with recording ACSF at 30 -32°C at a flow rate of 4 -5 ml/min. For stimulation of presynaptic inputs to nTS neurons, a concentric bipolar stimulation electrode (Frederick Haer) was placed on the TS, the medullary tract containing the central axons of cardiorespiratory and other primary afferent inputs to the brainstem, rostral to recording sites. Patch pipettes were pulled from thick-walled borosilicate glass capillaries, and filled with intracellular solution (containing in mM: 130 K ϩ gluconate, 10 NaCl, 11 EGTA, 1 CaCl 2 , 10 HEPES, 1 MgCl 2 , 2 MgATP, 0.2 NaGTP), had resistances between 4 and 7 M⍀. Recordings were made within 2 regions of nTS at the level of, and caudal to the obex: (1) lateral to or within the TS, including the interstitial, lateral and ventrolateral subnuclei [referred to as lateral nTS (lnTS)], (2) within the commissural subnucleus (nComm). Neurons were visualized with an upright Olympus microscope (BX51WIF). Cells were identified as second-order neurons if they received monosynaptic input, defined as a low jitter of latency of evoked postsynaptic responses (Ͻ250 s), at 0.5 Hz TS stimulation. Evoked, spontaneous and miniature EPSCs (eEPSCs, sPSCs, mEPSCs) were recorded from cells meeting this criterion in the whole-cell voltage-clamp configuration at a holding potential of Ϫ60 mV. To record eEPSCs, the TS was stimulated at 0.5 and 20 Hz. In a subset of nComm neurons, input-output curves were obtained by gradually increasing the stimulus intensity based on the neurons' individual threshold (thrsh, thrsh ϩ 10%, thrsh ϩ 50%, 2ϫ thrsh, 5ϫ thrsh). In all other experiments the stimulation intensity was set to threshold ϩ 10%, typically between 50 and 200 A (stimulus duration 100 s, 20 sweeps). To compare intrinsic neuronal excitability between genotypes, action-potential properties and firing frequency in response to current injection (50 pA increments) were recorded in nComm neurons as well. Only neurons with a resting membrane potential of at least Ϫ40 mV upon breakthrough were accepted. Data were acquired using pClamp software. Signals were amplified (Axopatch 200B, Molecular Devices), filtered at 2 kHz and digitized at 10 kHz.
Data analysis. Spontaneous and evoked postsynaptic currents were analyzed with Clampfit and Microsoft Excel. In the analysis of eEPSCs, 20 sweeps were averaged with Clampfit and the resulting eEPSC amplitudes were measured and compared between genotypes at different stimulation intensities. For sPSCs and mEPSCs, traces were digitally filtered at 1 kHz, events were counted within 2 min segments, and instantaneous frequencies and amplitudes were analyzed. The detection threshold for sPSCs and mEPSCs was set as 1-1.5ϫ peak-to-peak noise. Miniature EPSC rise time was analyzed as the time from onset to peak of individual events, and the decay time was estimated as the time between peak and recross of the detection threshold.
Prepulse inhibition
Prepulse inhibition (PPI) of the acoustic startle response (ASR) was measured to assess sensorimotor gating function using Med Associates Startle Response recording system. Mice were divided into four groups (Het ketamine, Het vehicle, Wt ketamine, Wt vehicle), and received injections of either ketamine (8 mg/kg) or an equivalent amount of saline immediately before they were placed individually inside a small-sized, nonrestrictive, cubical Plexiglas recording chamber [2.5 inches (L) ϫ 2.5 inches (W) ϫ 1.75 inches (H)] fixed on an accelerometer platform and allowed to acclimate for 5 min. Subsequently, the mouse was exposed to 4 testing blocks. In the first testing block, the initial startle response amplitude was determined by delivering a 40 ms pulse of 120 dB broadband white noise and recording the maximum startle amplitude (V max ). A baseline startle response was determined by repeating this recording paradigm for six consecutive trials (with 8 -23 s between each stimulus) and calculating the average V max measured in those trials. In the second and third testing blocks, the mice were exposed to a series of "pulse-only" or "prepulse-pulse pair" stimuli to determine the effect that a reduced intensity prepulse had on the acoustic startle response. The pulse-only stimulus consisted of an 80 ms stimulus of 120 dB. The prepulse-pulse pair trials were conducted by delivering a single 20 ms prepulse, with an intensity of 73, 76 or 82 dB before an 80 ms stimulus with an intensity of 120 dB. An average delay of 15 s (8 -23 s) occurred between each stimulus. Each prepulse-pulse pair trial was repeated 10 times, pulse only trials were repeated 12 times. The V max measured from each prepulse-pulse trial was compared with the V max measured from the 120 dB pulse-only trials, and a percentage prepulse inhibition (%PPI) was calculated for each prepulse intensity. In the fourth testing block, startle response V max was recorded from 6 additional 40 ms pulses of 120 dB broadband white noise (with 8 -23 s between each stimulus) and compared with the baseline startle response from the first testing block to eliminate the possibility of habituation to the acoustic stimulus throughout the test.
Statistical analysis
All data are presented as means Ϯ SEM. Genotype-dependent differences were analyzed by unpaired two-tailed Student's t test. Multiple group data were analyzed by one-way ANOVA with post hoc least significant difference (LSD) test for intergroup comparisons. Miniature EPSC frequency and amplitude distributions were compared with the Kolmogorov-Smirnov test. Results were considered significant if the p value was Ͻ0.05.
Results
Fos expression is markedly altered in the Mecp2 Null brain compared with Wt controls
Fos immunostaining has been widely used as a surrogate marker of neuronal depolarization to map circuits and pathways in the normal brain that are activated by specific types and patterns of neural stimulation (Dragunow and Faull, 1989) . Given that excitatory-inhibitory imbalance has been documented within various cell groups in the Mecp2 mutant brain, we hypothesized that Wt and Null animals would exhibit regional differences in Fos expression and that these differences could be used to map sites of circuit dysfunction in the Null brain. To address this possibility, we initially surveyed Fos expression in serial sections throughout the rostro-caudal extent of the brain, from the olfactory bulbs to the spinomedullary junction, in Wt and Null mice at 3 and 6 weeks of age, i.e., before and after the appearance of overt RTT-like symptoms. We found no obvious effect of Mecp2 genotype on the number of Fos-positive neurons in 3-week-old animals in any brain region examined (postnatal day 21 Ϯ 3; Null, n ϭ 4; Wt, n ϭ 4). However, there were marked and reproducible differences between Null and Wt animals at 6 weeks of age across the neuraxis (postnatal day 42 Ϯ 3; Null, n ϭ 5-7; Wt, n ϭ 5-7; Table 1 ).
Forebrain
The most dramatic effects of Mecp2 genotype on Fos expression were observed in cortical and subcortical limbic structures, including the prelimbic and infralimbic cortices, retrosplenial cortex, cingulate cortex, the nucleus accumbens (nAC, both core and shell), as well as the piriform cortex, the motor cortex and lateral septal nuclei, all of which showed significantly less Fos labeling in Null animals compared with Wt ( Fig. 1; Table 1 ). A similar pattern was observed in the auditory, somatosensory, and primary visual cortices, as well as the caudate/putamen. In cortical re- (Tables 2, 3 ). Likewise, action-potential properties were similar between the genotypes, and current-induced step depolarization at Ϫ60 mV evoked comparable numbers of APs at all current levels except for 50 pA (the lowest level tested) which evoked fewer APs in Null cells compared with Wt (Tables 4, 5 ).
To define potential genotype effects on spontaneous network activity in nTS, sPSCs were recorded and analyzed in 2 min intervals. In the lnTS, we detected significantly more events in Nulls compared with Wt (Null, 1165.3 Ϯ 169.3, n ϭ 16; Wt, 718.1 Ϯ 141.6, n ϭ 17, p Ͻ 0.05) which resulted in a significantly higher instantaneous frequency (Null, 29.0 Ϯ 3.1 Hz; Wt, 18.9 Ϯ 2.4 Hz, p Ͻ 0.05; Fig. 4 A, B) . Instantaneous sPSC frequency was also increased in the Null nComm compared with Wt (Null, 28.4 Ϯ 2.3 Hz, n ϭ 36; Wt, 21.2 Ϯ 2.1 Hz, n ϭ 28, p Ͻ 0.05; Fig. 4B ), in association with a strong trend toward an increase in the number of spontaneous events (Null, 1231.9 Ϯ 160.8; Wt, 867.2 Ϯ 127.3; p ϭ 0.08). Addition of the AMPA-receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione to the superfusate (10 M) completely abolished sPSCs and reduced eEPSC amplitudes by 92.2 Ϯ 1.4% (n ϭ 10), indicating that primary afferent transmission in nTS is mainly mediated by AMPA-receptors.
To specifically examine how Mecp2 genotype may affect spontaneous presynaptic release of excitatory transmitter, miniature EPSCs were recorded in the presence of bicuculline (10 M) and TTX (0.5 M) and analyzed in 2 min intervals. Since we found similar genotype effects in the nComm and lnTS, data from both subnuclei were pooled. In Nulls, both the number of events and the instantaneous mEPSC frequency were significantly increased compared with Wt (Null, 1006 Ϯ 162.6 events, 24.6 Ϯ 2.9 Hz, n ϭ 9; Wt, 461.6 Ϯ 94.0 events, 15.9 Ϯ 2.4 Hz, n ϭ 7; p values Ͻ0.05; Fig. 4C,D) . Accordingly, the cumulative frequency distribution curve showed a significant right shift in the Nulls (Kolmogorov-Smirnov test, p Ͻ 0.05, Fig. 4D ). Moreover, the cumulative mEPSC amplitude distribution curve also displayed a significant right shift in the Nulls, indicating larger mEPSC amplitudes (Kolmogorov-Smirnov test, p Ͻ 0.05, Fig. 4E ). We did not observe genotype differences in mEPSC rise or decay times (rise time; Wt, 1.00 Ϯ 0.11 ms; Null, 0.91 Ϯ 0.09 ms; decay time; Wt, 2.91 Ϯ 0.49 ms; Null, 2.75 Ϯ 0.36 ms).
Elevated Fos expression and synaptic hyperexcitability develop in parallel in Mecp2 Nulls
Analysis of 6-week-old animals revealed a strong association between elevated Fos expression and synaptic hyperexcitability within specific subnuclei in the Null nTS compared with Wt. To further explore how these two endophenotypes may be linked to each other, and to the onset of disease, we quantified Fos levels and analyzed synaptic excitability in the nTS of 3-week-old mice before the appearance of overt symptoms.
In contrast to 6-week-old animals, Fos was expressed at relatively low levels in the nTS of both Null and Wt animals at 3 weeks, and we saw no significant effect of genotype in any subnucleus of the nTS (Wt, n ϭ 4; Null, n ϭ 4; mnTS; Wt, 3.8 Ϯ 0.5 cells; Null, 3.5 Ϯ 0.4 cells; lnTS; Wt, 4.4 Ϯ 0.7 cells; Null, 3.7 Ϯ 0.7 cells; nComm; Wt, 3.1 Ϯ 0.5 cells; Null, 1.9 Ϯ 0.2 cells).
To evaluate genotype effects on synaptic function in nTS at 3 weeks of age, we focused our analysis on the lnTS. With the exception of V m , which was more negative in Wt neurons, there was no effect of genotype on basic neuronal properties (Table 3) . Similarly, there was no effect of genotype on eEPSC amplitudes evoked by TS stimulation at 0.5 Hz (Wt, 322.8 Ϯ 38.2 pA, n ϭ 21; Null, 344.4 Ϯ 41.2 pA, n ϭ 27; Fig. 5 A, B) or 20 Hz (Wt, 228.5 Ϯ 34.1 pA; Null, 215.9 Ϯ 33.3 pA; Fig. 5 A, B) . Regardless of genotype, eEPSC amplitudes at 3 weeks of age were comparable to those recorded in Nulls at 6 weeks (see above).
Instantaneous sPSC frequency (Wt, 23.4 Ϯ 2.4 Hz, n ϭ 20; Null, 16.4 Ϯ 1.7 Hz, n ϭ 25, p Ͻ 0.05) and number of events (Wt, 877.6 Ϯ 123.2; Null, 545.0 Ϯ 81.0, p Ͻ 0.05) were significantly lower in juvenile Nulls compared with juvenile Wt (Fig. 5C,D) . To compare the spontaneous release of excitatory transmitter between the genotypes in presymptomatic mice in more detail, we constructed mEPSC frequency and amplitude probability distribution plots. In contrast to mEPSC analyses from 5-to 7-week-old mice, both frequency and amplitude distribution plots showed a significant left shift in the Nulls (Kolmogorov-Smirnov test, p Ͻ 0.05; Wt, n ϭ 8; Null, n ϭ 9; Fig. 5E-G) , indicating lower mEPSC frequency and smaller mEPSC amplitudes. Miniature EPSC rise and decay times were comparable between the genotypes (rise time; Wt, 0.86 Ϯ 0.08 ms; Null, 0.79 Ϯ 0.09 ms; decay time; Wt, 1.96 Ϯ 0.15 ms; Null, 2.04 Ϯ 0.17 ms).
The NMDA receptor antagonist ketamine restores Wt levels of Fos expression in the Null forebrain To determine whether or not decreased Fos expression in cortical structures within the adult Null forebrain reflects an intrinsic inability to express Fos in the absence of MeCP2 or, alternatively, results from reduced network activity, we compared the effects of ketamine treatment in Null and Wt mice. Ketamine is an NMDA receptor antagonist that has previously been shown to upregulate Fos expression in the limbic forebrain of mice and rats (Nakao et al., 2002 (Nakao et al., , 2003 Inta et al., 2009 ) by disinhibiting cortical pyramidal cells (Nakao et al., 2003; Behrens et al., 2007) . Indeed, acute treatment with ketamine (8 mg/kg, 20 mg/kg, 100 mg/kg, i.p.) markedly increased Fos labeling within 90 min of injection in both Wt and Null animals compared with saline-injected controls (n ϭ 3 for each group, Fig. 6 ). In both genotypes, Fos induction was strongest in the prelimbic, infralimbic, piriform, cingulate and retrosplenial cortices ( Fig. 6C ). These data indicate that although Fos is downregulated in limbic forebrain structures in the absence of MeCP2, Fos expression remains plastic and subject to induction by factors that alter forebrain network activity.
Ketamine rescues abnormal PPI of acoustic startle in Mecp2 Hets
PPI of the ASR is a measure of sensorimotor gating and is widely used as an index of cognitive function in neuropsychiatric disorders, including ASDs (McAlonan et al., 2002; Frankland et al., 2004; Perry et al., 2007; Yuhas et al., 2011) . PPI measures the ability of a weak sensory input to modulate behavioral responses to a subsequent strong sensory stimulus and thereby reflects the function of inhibitory circuitry thought to be critical for normal cognition. Because the circuitry underlying PPI includes structures that exhibit reduced Fos staining in Nulls, such as the mPFC and nAC (Swerdlow et al., 2001; Alsene et al., 2011) , and because ketamine treatment of Nulls rescues Fos expression in these regions, we decided to use PPI as an index of forebrain circuit function in the absence and presence of ketamine. Heterozygous female Mecp2 mutants (Hets) were used for these experiments because acoustic startle measurements can be unreliable in Nulls due to their relatively small size. Although, as described by others, overall levels of Fos expression are lower in females compared with males (Westenbroek et al., 2003) , Fos was significantly reduced in the Het forebrain compared with Wt, as in male Nulls (Table 6) .
PPI was compared in vehicle-and drug-treated Hets and ageand sex-matched Wt animals, using a sub-psychotomimetic dose of ketamine (8 mg/kg; n ϭ 9 for Wt vehicle and ketamine, n ϭ 8 for Het vehicle and ketamine). Vehicle-treated Hets exhibited a significant increase in PPI amplitude compared with vehicletreated Wt at all levels of prepulse tested (%PPI 73 dB; Wt, 11.5 Ϯ 5.3, Het, 37.6 Ϯ 4.1, p Ͻ 0.001; %PPI 76 dB; Wt, 11.3 Ϯ 5.2, Het, 29.9 Ϯ 8.6, p Ͻ 0.05; %PPI 82 dB; Wt, 20.9 Ϯ 3.2, Het, 42.6 Ϯ 7.1, p Ͻ 0.05; Fig. 7) . Acoustic startle by itself was not different among groups (Startle amplitude; Wt vehicle, 974.8 Ϯ 109.8; Het vehicle, 759.6 Ϯ 73.7). Acute treatment with ketamine restored PPI in Hets to Wt levels (Het ketamine, %PPI 73 dB, 5.3 Ϯ 5.8; %PPI 76 dB, 17.8 Ϯ 2.9; %PPI 82 dB, 21.4 Ϯ 6.4, Fig. 7 ), whereas ketamine treatment did not alter PPI in Wt (Wt ketamine, %PPI 73 dB, 7.8 Ϯ 4.1; %PPI 76 dB, 12.8 Ϯ 4.8; %PPI 82 dB, 24.1 Ϯ 5.8; Fig. 7 ) and had no effect on acoustic startle alone (Wt ketamine, 798.6 Ϯ 106.3; Het ketamine, 862.7 Ϯ 149.5) .
Discussion
Our findings demonstrate marked effects of Mecp2 genotype on expression of the activity-dependent, immediate-early gene product Fos within specific forebrain and hindbrain networks, including many previously unrecognized sites of circuit dysfunction within the Mecp2 mutant brain. In view of the close spatial and temporal association between genotype effects on neural activity and Fos expression, our data indicate that loss of MeCP2 results in a stereotyped pattern of activity changes within a defined subset of functionally interrelated brain circuits that emerges during late postnatal development, coincident with the appearance of overt symptoms ( Fig. 8; Table 1 ). . Het mice exhibit abnormal prepulse inhibition of acoustic startle which is restored to Wt levels by acute treatment with a sub-psychotomimetic dose of ketamine. Het mice exhibit a significant increase in PPI amplitude at 11 weeks of age that is restored to Wt levels by acute treatment with ketamine at 8 mg/kg. *p Ͻ 0.05; ***p Ͻ 0.001. 
Forebrain circuitry and the default mode network
Reduced expression of Fos in forebrain cortices is consistent with reports of hypoconnectivity in layer 5 cortical circuits in Mecp2 mutants (for review, see Shepherd and Katz, 2011) . However, a particularly striking feature of the Fos map in Null mice is the marked reduction in labeling throughout the midline limbic network, including the medial prefrontal (mPFC), cingulate and retrosplenial cortices compared with Wt (Fig. 8 ). This pattern of hypoactivity is significant because (1) these cortices are key nodes in the default mode network, a forebrain meta-circuit that also exhibits hypoactivity and/or reduced connectivity in human autism (for review, see Minshew and Keller, 2010) , and (2) the midline limbic cortices play a critical role in behavioral state regulation of autonomic homeostasis, which is abnormal in RTT.
We also found reduced Fos activity in sensory cortices which, in humans, interact with the default mode network through a frontoparietal control system (Vincent et al., 2008) that includes the dorsal PFC and cingulate cortex. The default mode network is considered critical for self-referential cognition and theory of mind Raichle et al., 2001; Buckner et al., 2008) , planning, remembering, and monitoring the external environment (Gilbert et al., 2007; Hahn et al., 2007) . Social deficits in ASDs have been correlated with weaker connections between the cingulate and frontal/temporal cortices, while stereotyped and repetitive behaviors are correlated with weaker connections between the cingulate cortex and the mPFC . The fact that Mecp2 mutants exhibit reduced Fos expression in these structures suggests that hypoactivity in the default mode network may be a common feature of RTT and nonsyndromic autism and may underlie overlapping features of behavioral dysfunction in these disorders. We also observed significant decreases in Fos labeling in the Null piriform, visual, somatosensory, auditory and motor cortices, as well as the nucleus accumbens, septal nuclei, and the caudate/putamen. Although further work is needed to fully understand the relationship between reduced activity in these structures and specific functional abnormalities, hypoactivity in motor cortex and the basal ganglia correlates well with the hypokinesis characteristic of young RTT patients and mouse models (Chahrour and Zoghbi, 2007) . On the other hand, we saw no significant effect of Mecp2 genotype on Fos expression in the hippocampus, a region which is prone to network hyperexcitability in vitro (Moretti et al., 2006; Fischer et al., 2009; Calfa et al., 2011; Nelson et al., 2011) . It is possible, however, that genotype effects on Fos expression in the Null hippocampus would be detectable in the context of stimuli that trigger seizure activity, given that, in some studies, hyperexcitability in hippocampal networks is only apparent after challenge with excitatory stimuli . It is also possible that this apparent discrepancy reflects differences in network excitability between intact animals and in vitro preparations as observed previously D'Cruz et al., 2010) .
Ketamine rescue of mutant Fos and PPI phenotypes
Our finding that forebrain deficits in Fos expression in Nulls can be rescued by acute treatment with ketamine, even at subpsychotomimetic doses, supports the hypothesis that reduced Fos labeling reflects a reversible deficit in network activity, rather than an intrinsic inability to express Fos. Ketamine has previously been shown to increase Fos in the rodent forebrain by disinhibiting cortical pyramidal cells (Behrens et al., 2007) ; proposed mechanisms include antagonism of NMDA receptors and interaction with receptors (Nakao et al., 2002 (Nakao et al., , 2003 . Thus, the recovery of Fos expression in ketamine-treated Nulls likely reflects a restoration of excitatory drive in circuits that are otherwise hypoactive in the absence of MeCP2. Indeed, in preliminary experiments we observed that Fos is often colocalized with CaMKII, a marker of cortical excitatory neurons, and is not expressed by parvalbumin-positive interneurons. Moreover, the fact that ketamine also reduces mutant PPI to Wt levels indicates that this treatment is also effective at restoring circuit function in MeCP2 deficient mice. Although the specific site(s) at which ketamine acts to restore Wt PPI in Hets remain to be defined, there is overlap between structures involved in cortical modulation of PPI and those exhibiting Fos rescue in ketamine-treated animals, including the mPFC and nAC (Swerdlow et al., 2001; Alsene et al., 2011) . It is also possible that the rescue of PPI is related to the ability of ketamine to acutely increase translation of brainderived neurotrophic factor (BDNF) (Autry et al., 2011) , as BDNF levels are reduced in Mecp2 mutants compared with Wt controls (Schmid et al., 2012) , and PPI amplitude has previously been shown to be inversely related to BDNF availability (Takahashi et al., 2006; Papaleo et al., 2011) . Regardless of mechanism, these data highlight the potential of low-dose ketamine treatment to improve behavioral dysfunction in RTT, as in other neuropsychiatric disorders (Autry et al., 2011) .
Circuits for autonomic homeostasis
Consistent with the pathophysiology of RTT, our data indicate circuit dysfunction in structures involved in both reflex and behavioral control of cardiorespiratory function, including the medulla (nTS), midbrain (PAG) and forebrain limbic cortices in Nulls. Because RTT patients exhibit complex disturbances of breathing and heart rate control (Katz et al., 2009) , attention has focused on nTS as a possible locus at which loss of MeCP2 deranges cardiorespiratory homeostasis. Indeed, the present findings, together with previous work from our laboratory (Kline et al., 2010) , demonstrate that loss of MeCP2 is associated with synaptic hyperexcitability in symptomatic mice in all three of the principal nTS subnuclei involved in regulating cardiorespiratory reflex integration (nComm, lnTS, mnTS). Synaptic hyperexcitability in Nulls appears to result in part from a failure to undergo a developmental decline in eEPSC amplitude that normally occurs between 3 and 6 weeks. A similar persistence of immature circuit properties has recently been described in the Mecp2 Null hippocampus (Calfa et al., 2011) . Together, these observations indicate a requirement for MeCP2 in differentiation of mature functional neuronal properties during late postnatal development.
Our electrophysiological and Fos mapping data indicate a shift toward a more excited default state in cardiorespiratory subnuclei in the mutant nTS, which would be expected to result in a loss of sensory gating within nTS and destabilization of cardiorespiratory homeostasis. In fact, Mecp2 mutant mice exhibit an exaggerated hypoxic ventilatory reflex (Bissonnette and Knopp, 2006; Roux et al., 2008; Voituron et al., 2009; Ward et al., 2011) , a homeostatic increase in ventilation triggered by primary chemoafferent inputs to the nComm (Finley and Katz, 1992; Chitravanshi and Sapru, 1995) . Similarly, hyperexcitability at the first synapse in lnTS, where pulmonary stretch receptors terminate (Davies et al., 1987; Kubin et al., 2006) , would be expected to lower the activation threshold for the Hering Breuer reflex pathway, which inhibits inspiration and promotes expiration. Indeed, Mecp2 mutants exhibit prolonged respiratory pauses in response to vagal stimulation (Stettner et al., 2007) , indicative of exaggerated Hering Breuer reflex activation. Our data therefore highlight the lnTS as a key site at which synaptic hyperexcitability likely contributes to the frequent respiratory pauses that characterize breathing in Mecp2 mutants and RTT patients. Because cardiorespiratory control is adjusted continuously to meet metabolic and behavioral needs, reduced gating of primary afferent input to nTS could well underlie the unpredictable fluctuations in respiratory pattern formation and cardiac control seen in RTT patients.
However, sensory gating deficits at the level of nTS cannot explain all of the cardiorespiratory phenotypes associated with loss of MeCP2 function. In particular, cardiorespiratory dysfunction in RTT patients is also dependent on behavioral state, with symptoms improving during sleep (Weese-Mayer et al., 2008) and worsening in the context of emotional stress (Kerr and Julu, 1999) . Thus, it is particularly noteworthy that Nulls exhibit reduced Fos levels in interconnected forebrain and midbrain structures critical for behavioral modulation of respiration, including the mPFC, cingulate cortex (Evans et al., 2009 ) and the vlPAG (Subramanian et al., 2004) . Our data, indicating hypoactivity in limbic cortices that project to the vlPAG, and hyperactivity in the nTS, a downstream target of the vlPAG (Fisk and Wyss, 2000; Huang et al., 2000; Vertes, 2004; Subramanian and Holstege, 2010) , suggest that excitatory/inhibitory imbalance across the forebrain-midbrain-hindbrain neuraxis may well be a substrate for abnormal behavioral state regulation of respiratory and autonomic homeostasis in RTT. Studies in progress are directed at determining whether or not ketamine and other agents can correct this imbalance and restore normal state dependent modulation of autonomic function in RTT mice.
